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1. Introduction 
 
 Kaolinite is described as a 1:1 clay mineral consisting of two layers joined 
through an apical oxygen. One layer is known as the siloxane layer and consists of 
silicon tetrahedra joined in an hexagonal array. This layer is coupled to a gibbsite-
like layer consisting of octahedral aluminium bonded to four OH units and two 
oxygen atoms. These layers are joined as sheets to other layers and may form a large 
set of clay layers known as a kaolinite book.  Figure 1 illustrates these kaolinite 
stacks. In this example there are many kaolinite layers. The layers have a low aspect 
ratio (thickness/length ratio) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Scanning electron micrograph of an Australian kaolinite illustrating 
kaolinite stacks and kaolinite books 
 
Individual crystals may be selected.  Figure 2 displays SEM images of a low defect 
kaolinite showing crystals with a high aspect ratio.  The kaolinite is from 
Kiralyhegy, Hungary. 
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Figure 2 SEM of a low defect kaolinite from Kiralyhegy, Hungary 
 
Kaolinites may be classified according to their order. A highly ordered kaolinite is a 
kaolinite with very few defect structures and the stacking is perfect. In X-ray 
crystallography various techniques have been employed to provide some measure of 
this order. One such technique known as the Hinckley index is based upon the ratio 
of intensity of peaks in the XRD pattern. Kaolinites with many defects in the 
stacking are known as disordered kaolinites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Computer generated model of the kaolinite unit cell 
 
Legend
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 In order to understand modification of the kaolinite surfaces through a 
number of processes, it is important to understand the structure of kaolinite.  The 
kaolinite consists of the siloxane tetrahedra marked in blue which are bonded to the 
hydroxylated aluminium layer (marked in red) through the apical oxygen marked in 
black.  Oxygens are marked in green.  Four hydroxyl groups marked in gold are 
divided into two groups; firstly the inner hydroxyl marked as OH1 and secondly 
what is known as the inner surface hydroxyl groups marked as OH2, OH3, OH4.  
The inner hydroxyl points towards the ditrigonal cavity of the siloxane layer.  The 
inner surface hydroxyls point away from the surface and hydrogen bond to the next 
adjacent siloxane surface.   
 
2. Modification of kaolinite surfaces 
 
 Kaolinite surfaces may be modified in a number of ways. These include  
(a) mechanochemical activation of the kaolinite 
(b) modification of the surfaces through intercalation 
(c) adsorption of molecules on the external surfaces 
(d) acid or base reaction with the kaolinite layers 
(e) plasma treatment of the kaolinite 
(f) thermal treatment of the kaolinite 
Modification causes disruption of the kaolinite layer stacking resulting in increased 
disorder and increased defect structures.  Chemical reaction with acids or base 
results in the loss of aluminium from the octahedral layer. This may result in a 
porous material with catalytic properties.   
 
3. Vibrational spectroscopy of kaolinites 
 
 The vibrational spectroscopy of kaolinite may be divided into spectral 
regions depending on which vibrational modes are being measured.  Such spectral 
regions are  
(a) the hydroxyl stretching region [1] 
(b) the SiO stretching region [2, 3] 
(c) the hydroxyl deformation region [4] 
(d) the hydroxyl translation region 
(e) the low wavenumber region [5] 
(f) the overtone and combination region [6] 
 
The vibrational spectra of kaolinite and its polytypes is complex especially 
to the uninitiated.  Farmer has reviewed the structure and vibrational spectroscopy of 
kaolinite and other layer silicates [7]. Four distinct bands are observed in the 
infrared spectrum of kaolinite at 3697, 3669, 3652 and 3620 cm-1.  The three higher 
frequency bands (designated ν1, ν2 and ν3) are assigned to OH stretching modes of 
the three inner surface hydroxyl groups.  The band at 3620 cm-1 is designated ν5 and 
is assigned to the stretching mode of an inner hydroxyl group.  The Raman spectrum 
in the OH stretching region of kaolinite contains five features. In addition to the four 
frequencies noted above, an infrared inactive feature is observed at 3685cm-1.  This 
is designated ν4 and is observed as a component of an unresolved doublet of medium 
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intensity at 3695/3685 cm-1.  The relative intensities of the components of this 
doublet depend on the orientation of the kaolinite crystal. These two bands are 
described as the transverse and longitudinal optic modes. In Raman spectra observed 
with 90 ° scattering geometry, the incident radiation interacts with crystal vibrations 
of similar wavelength.   If a unit cell vibration develops an oscillating polarisability 
tensor, two corresponding long wavelength crystal modes exist (a) a longitudinal 
mode (LO) and a transverse mode (TO).  In Raman spectroscopy both the TO and 
LO modes are active, the LO mode exists at a higher frequency because of induced 
dipoles. Therefore the Raman active infrared inactive band at 3685 cm-1 is ascribed 
to the transverse optic mode.  The Raman band at 3692 cm-1 is assigned to the 
longitudinal optic mode and is of low intensity in the Raman spectrum but is 
strongly infrared active. 
The 3669 and 3652 cm-1 bands (ν2 and ν3) are weak and are described as 
the out-of-phase vibrational modes of the in-phase vibration observed at 3695 cm-1. 
The 3620 cm-1 band (ν5) is strong and sharp.  The intensity of the OH stretching 
bands depends on the defect structure of the kaolinite.  In highly ordered kaolinites 
ν4 has been detected in the infrared spectrum at 3685 cm
-1 when band resolution was 
carried out.  A comparison may be made between the vibrations of kaolinite 
hydroxyls and ammonia.  Ammonia has a C3v symmetry and therefore one in phase 
and two out of phase vibrations.  Kaolinite has a pseudo C3v symmetry and therefore 
also has one in phase and two out of phase vibrations.  The kaolinite polytype unit 
cells contain only four hydroxyl groups, one (OH1) of which lies in the ab plane and 
the other three (OH2-OH4) lie at angles between 65 and 73 ° to the ab plane [8, 9].  
The inner surface hydroxyl groups give rise to infrared bands at 3695 cm-1, a band 
with the transition moment lying perpendicular to the ab plane, and two weaker 
absorptions at 3650 and 3670 cm-1 with transition moments in the ab plane . 
  
Recently theoretical predictions of the vibrational spectra of kaolinite have 
been attempted [9].  Teppen et al., developed empirical force field models for 
aluminous clay minerals [10, 11].  Additionally, computer simulations using force 
field calculations to predict the infrared and Raman spectra from the dynamic and 
structural characteristics of kaolinites have been undertaken. However, whilst these 
theoretical calculations show a good correlation between the experimental infrared 
and Raman spectra in the low frequency region, the correlation is not as good in the 
hydroxyl-stretching region. It could also be expected that this correlation would be 
improved by obtaining spectra at liquid nitrogen temperatures. This is not the case.  
The reason may be attributed to (a) the coupling of the hydroxyl-stretching 
vibrations of the inner surface hydroxyls and (b) the existence of the transverse-
longitudinal splitting. 
 
4. Modification of kaolinite surfaces through mechanochemical activation 
 
Kaolinite surfaces may be altered through the grinding of the mineral [12-
14]. Both wet and dry grinding are used.  This grinding is often referred to as 
mechanochemical treatment or mechanochemical activation.  Such treatment may 
result in the reduction of the particle size to submicron size and to even into the 
nanometre scale.Studies of both the wet and dry grinding of kaolinite by Hiroshi 
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Takahashi, were undertaken in the late fifties [15-19].  It was found that two types of 
material was produced an amorphous type of alumino-silicate and an aggregated 
material some of which showed zeolytic properties.  Such materials have potential 
as catalysts for specific reactions. X-ray diffraction, thermal analysis and electron 
microscopy were the main techniques use to study these mechamochemically 
activated materials.  Importantly the effect of dry grinding produced a material with 
high surface areas [20-22].  It is this high surface area which offers the potential use 
of mechanochemically activated kaolinite as a catalyst. The effect of 
mechanochemical action on kaolinite has been measured by infrared absorption 
spectroscopy and the results compared with those obtained by X-ray diffraction [23, 
24].  Indeed mechanochemical activation of kaolinite has been used to explore the 
disordering of kaolinites [25].  The grinding of kaolinite results in the formation of 
particles of small size which may be on the nano-scale but which may agglomerate 
into larger particles [26, 27].   
 
 Dry grinding is a method of intercalating kaolinite with molecules which 
otherwise would not readily insert between the kaolinite layers [28, 29].  Infrared 
spectroscopy has been used to follow the changes in the structure of kaolinite with 
intercalation with group 1 chlorides [30].  Destruction of the kaolinite structure and 
formation of amorphous material, solid-state diffusion of atoms, particularly 
protons, leading to the formation of lattice defects, delamination of the tactoid of 
kaolinite and enhanced hydration were observed.  It has been proposed that water 
inserts between the kaolinite layers with mechanochemical action and the water 
bonds to the siloxane surface [31-33].  Deuteration resulted in the exchange of the 
inner surface hydroxyls of kaolinite [31].  Whilst there have been infrared studies of 
the intercalation of kaolinite by dry grinding with group 1 halides, few studies of the 
mechanochemical activation of kaolinite have been forthcoming [34].  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 DRIFT spectra of the hydroxyl stretching region of kaolinite ground 
with equal amounts of quartz for a range of times as shown 
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Figure 5 Variation in relative intensity of the kaolinite hydroxyls stretching 
modes and the water OH stretching modes 
 
 
 
 
 
 
 
The XRD patterns of the mechanically ground kaolinite/quartz mixture 
show the rapid changes in the kaolinite structure during the grinding process.  The 
effect of grinding causes the diminution of the d(001) spacing and after 2 hours of 
grinding no intensity remains in this peak.  The significance of the loss of intensity 
of the d(001) peak means the stacking between the layers is disrupted and lost.  The 
disorder of the kaolinite has been increased. The mechanochemical treatment has 
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broken the hydrogen bonding between adjacent kaolinite layers.  Thus, the kaolinite 
has been completely delaminated through the mechanical grinding process.  After 4 
hours of grinding no XRD pattern of the kaolinite is present.  This means that the 
long-range ordering in the layers is disturbed so that there is no regular pattern of 
atoms, which can cause the diffraction.  The mechanochemical treatment not only 
changes the morphology of the kaolinite particles but also causes a reduction in 
particle size. This modification of the kaolinite surfaces is reflected in the DRIFT 
spectra. 
 
The destruction of the molecular structure of the ground kaolinite/quartz mixtures as 
determined by DRIFT spectroscopy is illustrated in Figure 4.  This figure shows the 
loss in intensity of the hydroxyl stretching vibrations as a function of grinding time 
and the concomitant increase in intensity of OH stretching vibrations, attributed to 
water OH stretching vibrations in the 3200 to 3550 cm-1 region.  This variation in 
intensity is shown in Figure 5.  The dry grinding results in point heating and the 
mechanochemical activation of kaolinite causes dehydroxylation through local 
heating. The bands at 3695 (ν1) and 3685 (ν4) cm
-1 are attributed to the longitudinal 
and transverse optic vibrations.  This latter band is intense in Raman spectra of low 
defect kaolinites but is of low intensity in the infrared spectra and is only determined 
as a component in the overall band profile. Interestingly the (ν4) mode shows a 
decrease in intensity as the mechanochemical treatment of the kaolinite is taking 
place.  Such a transverse vibration depends on the aspect ratio of the kaolinite 
crystals i.e. the thickness of the crystals (see Figure 2).  Thus, as the size of the 
kaolinite crystals is reduced, this vibration apparently shifts to lower wavenumbers.  
The bands observed at 3668 (ν2) and 3652 (ν3) cm
-1 also show a decrease in band 
position with the length of grinding, and  after 1 hour  of mechanochemical 
treatment no intensity is observed in these bands.  These bands result from the out-of 
phase vibrations of the inner surface hydroxyls corresponding to the in-phase 
vibrations observed at 3695 and 3685 cm-1.  This means that the inner surface 
hydroxyls are no longer behaving in a cooperative vibrational pattern.  The 
mechanochemical treatment causes significant changes in the surface structure at the 
molecular level.  The position of the band attributed to the stretching vibration of the 
inner hydroxyl at 3619 cm-1 (ν5) is not effected by the grinding process even though 
the intensity decreases. An increase in bandwidth is noted.  This may result from the 
intense localised heating of the kaolinite surfaces during mechanochemical 
treatment. 
 
 Figure 6 shows the hydroxyl deformation modes observed at 937 and 914 
cm-1 attributed to the  inner surface and inner hydroxyls, respectively. In harmony 
with the decrease in intensity of the hydroxyl stretching vibrations, the decrease in 
intensity of the kaolinite hydroxyl deformation vibrations is linear with grinding 
time.  The grinding process destroys the hydrogen bonding between the adjacent 
kaolinite layers, as is observed from the loss of the hydroxyl vibrations.  At the same 
time an increase in intensity of bands ascribed to the hydroxyl stretching vibrations 
of water are observed.  Figure 6 clearly shows the loss of intensity of the 937 cm-1 
band at a grater rate than the 914 cm-1 band. This result is significant as it means that 
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the grinding process results in the loss of the inner surface hydroxyls before the 
inner hydroxyls.   
 
It is proposed that the band at around 3200 cm-1 is coordinated water, which 
is bonded to the aluminium.  What this means is that the hydroxyls on the gibbsite 
like surface of the kaolinite have been replaced with water coordinated to the 
surface. Mechanochemical treatment causes intense local heating and sufficient 
energy is supplied to break the hydroxyl bonds.  Three low intensity bands are 
observed at 3738, 3742, and 3748 cm-1.  Such bands are attributable to the hydroxyl 
stretching vibrations of SiOH, confirming the effects of intense local heating on the 
kaolinite surfaces by the breaking of the SiO bonds and the replacement with SiOH.  
Changes in the SiO stretching vibrations are shown in Figure 7.  The bands at 1056 
and 1034 cm-1 are attributed to the SiO stretching vibrations of the siloxane layer of 
the kaolinite.  The bands observed at 1196, 1159 and 1103 cm-1 are associated with 
the SiO stretching vibrations of quartz.  The relative intensities remain constant 
upon grinding. The intensity in the spectral profile at 1113 cm-1increases upon the 
mechanochemical treatment.  It is proposed that this band is associated with the new 
surface phase produced upon grinding.   
 
The observation of new SiO stretching and bending vibrations at 1113 and 
520 cm-1 suggests that the new material has a different surface structure from that of 
the starting material.  The concomitant decrease in the SiO stretching and bending 
modes of kaolinite support the concept of the synthesis of a new material which has 
a very different surface structure from that of the untreated kaolinite. Upon 
mechanochemical treatment of the kaolinite with quartz, significant structural 
alteration occurred rapidly to form a new material with a significantly modified 
kaolinite surface of reduced crystal size with a somewhat higher surface area.  Two 
processes occur upon mechanochemical activation of kaolinite: firstly the reduction 
in particle size which results in the maximisation of surface area after two hours of 
grinding and secondly the agglomeration of the small particles.  If this aggregation 
could be prevented then the potential to produce very high surface areas equivalent 
to say fuming silica exists. 
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Figure 6 DRIFT spectra of the OH deformation modes of mechanochemically 
activated kaolinite 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 DRIFT spectra of the SiO stretching modes of mechanochemically 
activated kaolinite 
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5. Kaolinite adsorbed and intercalated formamide – application of the 
controlled rate thermal analysis experiment. 
 
 One of the problems associated with the spectroscopic analysis of the 
intercalated kaolinites is the uncertainty of the nature of the intercalate.  The 
formamide-intercalated kaolinite may contain both adsorbed water as well as 
adsorbed formamide.  Thus the infrared spectra of the intercalated kaolinites 
probably determines more than one phase i.e. the formamide-intercalated kaolinite 
and the formamide adsorbed kaolinite.  The technique of CRTA thermal analysis 
enables the separation of the adsorbed from the intercalated kaolinite.  This is 
achieved through stopping the experiment between the desorption step and the 
deintercalation step. 
 
Thermal analysis is normally carried out as a dynamic experiment with a 
constant and continuous heating rate.  Such experimentation is not able to determine 
phase changes, which occur at close temperature intervals.  New thermoanalytical 
techniques, which can separate thermal processes have been developed  
[35].Thermal analysis is normally carried out under dynamic conditions with 
constant heating rate. Under these conditions, however, closely overlapping mass 
loss stages cannot always be recognized and separated. Under controlled rate 
conditions, i.e. at a pre-set, low rate of decomposition, sufficient time is provided for 
slow heat and mass transfer processes to occur. With this technique, some "hidden" 
reactions, transformations,etc can be recognized, which are not normally seen with 
linear-even slow-heating. The method is known as constant rate thermal analysis 
(CRTA) and depends on the rate of mass loss, such that no heating occurs when the 
phase change occurs.  Such thermoanalytical experiments are known as isothermal 
TGA or quasi-isothermal TGA.   
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Figure 8 Raman spectra of the 950 to 1750 cm-1 region of formamide-
intercalated kaolinite. 
 
 
 Raman spectroscopy is particularly useful for studying intercalated 
kaolinites.  
One of the difficulties of studying both the Raman and infrared spectra of the 
intercalated kaolinites is the uncertainty of what is actually being measured, since 
the intercalated kaolinite may also contain formamide adsorbed on the kaolinite 
surfaces.  Thus three phases could be present (a) kaolinite which has not been 
intercalated and has no adsorbed formamide (b) kaolinite with adsorbed formamide 
(c) kaolinite which has been intercalated with formamide and which also has 
adsorbed formamide.  It is unlikely that the phase with intercalated formamide and 
no adsorbed formamide would be observed.  The application of CRTA to 
formamide-intercalated kaolinites helps eliminate the phase in (b).  The formamide-
intercalated kaolinites are removed from the thermal analysis instrument  after the 
desorption step and before the de-intercalation step.  Figure 8 displays the Raman 
spectrum of formamide-intercalated kaolinite before and after CRTA treatment. 
 
No bands are observed in the 1630 cm-1 region and although the water 
bending modes in the Raman spectrum are weak, no bands are observed in this 
position in either the infrared and Raman spectrum.  This proves that the CRTA 
technology has removed the adsorbed and intercalated water.  The band observed at 
1670 cm-1 is attributed to the C=O stretching vibration of the intercalated formamide 
molecule.  The band at 1594 cm-1 is assigned to the NH deformation vibration of a 
primary amide.  Two bands are observed at 1394 and 1319 cm-1, which are intense 
in the Raman spectrum compared with the infrared spectrum.  These bands are 
assigned to the CH deformation and CH rocking vibrations.  An unknown broad 
band is also observed at 1247 cm-1.  A major difference between the infrared and 
Raman spectra of the CRTA-treated formamide-intercalated kaolinites is in the 950 
to 1150 cm-1 region attributed to the SiO stretching vibrations.  In the Raman 
spectrum, the band at 1159 cm-1 is assigned to the stretching vibration of quartz 
impurity.  The two bands observed at 1084 and 1055 cm-1 are the SiO stretching 
vibrations of kaolinite.   
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Figure 9 Raman spectra of the OH stretching region of formamide-intercalated 
kaolinites after CRTA treatment. 
 
 Figure 9 shows the Raman spectra of the formamide-intercalated and 
water-formamide intercalated kaolinites before the CRTA treatment.  The spectra 
show a single intense band (ν6) at 3629 cm
-1 superimposed upon a broad 
background.  For the formamide-intercalated kaolinite, almost no intensity remains 
in the bands attributed to the inner surface hydroxyls.  Further the band (ν5) assigned 
to the inner hydroxyl and normally at 3620 cm-1 is not observed in the spectrum.  
The band may be simply a part of the 3629 cm-1 band profile.  This band is 
attributed to the inner surface hydroxyls hydrogen bonded to the formamide 
molecule.  A broad band is observed at around 3603 cm-1 and may be attributed to 
the hydroxyl-stretching vibration of water, which is in the interlayer spaces.   The 
difference between intercalating with 100% formamide or with 
50%formamide/50%water is minimal.  In Figure 9, a small amount of unreacted 
inner surface hydroxyls are observed as intensity in the (ν1) mode.  A broad band is 
observed in the Raman spectra at around 3639 cm-1.  This band is not to be confused 
with the out-of-phase vibration of the inner surface hydroxyls normally observed at 
3652 cm-1.  This band is ascribed to the hydroxyl stretching vibration of the inner 
surface hydroxyls which are hydrogen bonded to adsorbed formamide molecules.  
The bandwidth of the band is ~50 cm-1 is indicative of a wide range of hydrogen 
bonding of the adsorbed molecules.  The Raman spectrum of the formamide-water 
intercalated kaolinite shows some intensity in the hydroxyl stretching vibration of 
the inner hydroxyl (1).  A small shoulder on the lower wavenumber side of the 
( 6) band may be that of the ( 5)  inner hydroxyl stretching vibration.    
 
One of the difficulties of studying both the Raman and infrared spectra of 
the intercalated kaolinites is the uncertainty of what is actually being measured, 
since the intercalated kaolinite may also contain formamide adsorbed on the 
kaolinite surfaces.  Thus three phases could be present (a) kaolinite which has not 
been intercalated and has no adsorbed formamide (b) kaolinite with adsorbed 
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formamide (c) kaolinite which has been intercalated with formamide and which also 
has adsorbed formamide.  It is unlikely that the phase with intercalated formamide 
and no adsorbed formamide would be observed.  The application of CRTA to 
formamide-intercalated kaolinites helps eliminate the phase in (b).  The formamide-
intercalated kaolinites are removed from the thermal analysis instrument  after the 
desorption step and before the de-intercalation step. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 Raman and infrared spectra of the NH stretching region of CRTA 
treated formamide intercalated kaolinite. 
 
Figure 10 displays the Raman and infrared spectra of the NH stretching 
region of the CRTA treated 100% formamide-intercalated kaolinite.  Bands are 
observed at (a) 3475 and 3460 cm-1 (b) 3370 and 3337 cm-1 and are attributed to the 
NH stretching vibrations of the formamide intercalated to the inner surface 
hydroxyls.  These bands are assigned to the anti-symmetric and symmetric NH 
stretching modes and make up 84% of the total intensity.  Bands are also observed at 
3247, 3165 and 3069 cm-1 and are assigned to formamide molecules in the 
interlamellar space.   
 
CRTA treated hydrazine intercalated kaolinite 
 
The interaction of kaolinite with hydrazine has been known for 
considerable time. This interaction between the kaolinite surfaces and hydrazine is 
used to distinguish different types of kaolinite polytypes including kaolinite and 
halloysite through the different rates of expansion.  Halloysite reacts more slowly 
with hydrazine and may take up to four hours before expansion occurs.  This 
distinction is related to the different surface morphology of the kaolinite, which is 
flat, and the halloysite, which may take on different morphologies, but the common 
one is rolled.  Part of this distinction may be attributed to the different ways in 
which the hydrazine molecule reacts with the kaolinite surfaces.  Kaolinite has 
several surfaces, which may bond with the hydrazine in different mechanisms.  
Firstly kaolinite has both internal and external surfaces. Hydrazine chiefly adsorbs 
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on these external surfaces.  The internal surfaces are composed of a siloxane layer 
consisting of linked silica tetrahedra and a gibbsite like layer with a hydroxyl 
surface.  The hydrazine may interact with the siloxane layer through hydrogen 
bonding of the hydrazine NH2 groups to the surface.  Hydrazine may also bond to 
the gibbsite-like surface through the lone pair of electrons on the nitrogen of the 
hydrazine molecule. 
 
One of the difficulties of using hydrazine is its highly hygroscopic nature 
and the fact that is obtained as a hydrazine hydrate.  Previous studies have shown 
that intercalation is kinetically faster if water is present [36]. This is the case of the 
intercalation of formamide into kaolinite.  Intercalation of hydrazine-hydrate into 
kaolinite increases the complexity of the molecular interaction between the kaolinite 
surfaces and the hydrazine [37].  Ledoux and White first reported the expansion of 
kaolinite from 7.2 Å to 10.4 Å upon intercalating hydrazine into the kaolinite 
structure [36]. Mild heating resulted in deintercalation accompanied with the partial 
collapse of the structure to 9.4Å. Johnston and Stone showed the effect of 
evacuation on the kaolinite-hydrazine complex with the subsequent collapse of the 
structure from 10.4 Å to 9.6 Å [38, 39]. Frost et al proposed a new model for 
hydrazine intercalation based on the insertion of a hydrazine-water unit [37]. The 
thermal behaviour of hydrazine-intercalated kaolinite shows a close similarity to that 
of the formamide-intercalated complex. In addition to the involvement of water in 
the intercalation process and in the structure of the complex, hydrazine is also 
liberated from the intercalated clay in two overlapping stages. The innovative 
technique of controlled rate thermal analysis allows the possibility to separate the 
adsorbed and intercalated molecules [40, 41].   
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Figure 11 DRIFT spectra of the hydroxyl stretching region of CRTA treated 
hydrazine-intercalated kaolinite treated under dry nitrogen or 
CRTA treated and heated to 50, 75, 85 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12  Raman spectra of the hydroxyl stretching region of CRTA treated 
hydrazine-intercalated kaolinite treated under dry nitrogen or heated to 50, 75, 
85 °C. 
3600 3620 3640 3660 3680 3700 3720
Wavenumber /cm-1
R
am
an
 i
n
te
n
si
ty
25 °C
50 °C
75 °C
85 °C
 17 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13 Raman spectra of the NH stretching region of CRTA treated 
hydrazine-intercalated kaolinite treated under dry nitrogen or heated to 50, 75, 
85 °C. 
 
 The DRIFT and Raman spectra of the hydroxyl stretching region are shown 
in Figures 11 and 12.  The Raman spectra of the NH stretching region are shown in 
Figure 13. The figure shows a comparison of the spectra from (a) hydrazine-
intercalated kaolinite treated with dry nitrogen  for 1 hour (b) CRTA treated 
hydrazine-intercalated kaolinite at 51°C (c) CRTA treated hydrazine-intercalated 
kaolinite at 70°C (d) CRTA treated hydrazine-intercalated kaolinite at 85°C.  The 
DRIFT spectra of untreated kaolinite displays four bands in the hydroxyl-stretching 
region at 3695 (ν1), 3668 (ν2) 3652 (ν3) and 3619 (ν5) cm
-1. In addition, a band may 
be resolved at 3684 (ν4) cm
-1 for the low defect kaolinite.  Upon intercalation of the 
low defect kaolinite with hydrazine, the ν1 band is diminished in intensity and the ν4 
and ν2 modes are not observed in spectra a to c.  In spectrum d, the ν2 band is 
observed.  The significance of this observation means that the cooperative in-phase 
and out-of-phase vibrations of the hydroxyl stretching modes is no longer present. In 
addition a new band at 3626 cm-1 attributed to the inner surface hydroxyls of 
kaolinite hydrogen bonded to the hydrazine is observed.  Further for the spectra a to 
c, a band at 3604 cm-1 is observed.  This band is ascribed to the hydroxyl stretching 
of interlayer water.  The band at 3695 cm-1 is of low intensity and represents the 
inner surface hydroxyls, which are not hydrogen bonded to the hydrazine.  The band 
centred on 3657 cm-1 is a broad background profile.  The band at 3626 cm-1 has a 
band width of 11.9 cm-1 when the hydrazine-intercalated kaolinite is treated under 
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dry nitrogen.  The CRTA treatment of the hydrazine-intercalated kaolinite at both 51 
and 70°C causes the band to be narrower with a bandwidth of 9.3 cm-1.  Heating the 
sample with CRTA treatment at 85°C also causes a broadening of the band to 11.9 
cm-1.  This means that the CRTA treatment of the hydrazine-intercalated kaolinite is 
the equivalent of placing the sample under dry nitrogen for 1 hour.   
 
In previous work, we therefore proposed a model based on the formation of 
[NH2-NH3]
+[OH]- units as hydrazine functions as a weak monoacid base forming a 
monohydrate [37]. The interaction of the hydrazine complex occurs between the 
negative charge on the OH group and the inner-surface hydroxyls.  This suggests 
that the band occurs at 3626 cm-1 because the interaction of the [NH2-NH3]
+[OH]- 
unit and the inner-surface hydroxyls of the kaolinite is weak.  A second interaction 
can occur between the hydrogen atoms of the hydrazine and the siloxane layer. 
Whereas the hydrated part of the hydrazine molecule bonds to the inner-surface 
hydroxyls, the opposing end of the molecule bounds to the siloxane surface between 
the amine hydrogen atoms and the oxygen atoms of the siloxane surface. Water is 
essential to the intercalation of the kaolinite and is intimately involved in the 
intercalation process.  Based on this model, there are two types of NH groups and 
hence, two sets of bands are observed in the DRIFT spectra. 
 
 
Two sharp bands are observed in the spectra of b and c at 3514 and 3481 
cm-1 which are absent in spectra a and d.  These bands are absent when the 
hydrazine-intercalated kaolinite is either CRTA treated at 85°C or exposed to dry 
nitrogen for 1 hour.  These two bands are assigned to the hydroxyl stretching 
vibrations of water molecules involved in the hydrazine-intercalation complex.  
When the hydrazine-intercalated complex is CRTA treated at 70°C, the hydrazine 
intercalation complex collapses to the 9.6Å phase.  In the DRIFT spectra of this 
complex two additional bands are observed at 2885 and 2921 cm-1.  These bands are 
assigned to N-H vibrations of hydrazine involved in strong hydrogen bonding with 
the kaolinite surface.  These bands are not observed in the CRTA treated hydrazine-
intercalated complex at 85°C.  Some low intensity broad bands are observed in 
about these positions for the nitrogen dried hydrazine-intercalated complex.   
 
 
In the spectra a to c, we also observe a broad band at 2976cm-1 for the dry 
nitrogen treated hydrazine-intercalated kaolinite and at 2959 and 2957 cm-1 for the 
51 and 70°C CRTA treated hydrazine-intercalated kaolinites.  The band is of low 
intensity and is not observed for the 85°C treated hydrazine-intercalated kaolinite.  
Thus the results reported in this paper are in harmony with the results of Johnston et 
al.   These workers suggest that upon partial collapse of the hydrazine-intercalation 
complex to 9.5Å, that the broad band at 2975 cm-1 is no longer observed but is 
replaced by a band at 3270 cm-1.  We also observe a broad band at 3270 cm-1 for the 
dry nitrogen treated hydrazine-intercalation complex.  The band appears to shift to 
lower wavenumbers upon CRTA treatment and is observed at 3244, 3266 and 3260 
cm-1.  However we observe this broad band for all the CRTA treated intercalation 
complexes.  The 70°C CRTA treated hydrazine intercalated complex results in the 
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collapse of the complex to 9.6Å, and at the same time two new bands are observed 
at 2885 and 2921 cm-1.  These two bands are assigned to the NH vibrations of very 
strongly hydrogen bonded hydrazine molecules.  Such increased hydrogen bonding 
strength would be brought about through the reduction in interlamellar space by 
0.80Å.  
Two bands are observed at 3362 and 3356 cm-1 and are attributed to the 
antisymmetric NH stretching vibrations.  The observation of two bands means that 
two different types of NH2 units are observed.  The slight differences in 
wavenumbers means that the two NH2 units are involved with slightly different 
hydrogen bond strengths.  Several models are possible: one likely model is that one 
NH2 unit hydrogen bonds to the oxygen of the siloxane layer through the hydrogen 
and the second NH2 unit bonds to the inner surface hydroxyls of the kaolinite 
through the lone pair of electrons on the nitrogen.  If the assumption is made that the 
3362 cm-1 band is due to weaker hydrogen bonding, then this may be attributed to 
the bonding between the lone pair of electrons on the nitrogen to the inner surface 
hydroxyl. 
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Figure 14  DRIFT spectra of the hydroxyl stretching region of CRTA treated 
hydrazine-intercalated kaolinite treated under dry nitrogen or 
CRTA treated and heated to 50, 75, 85 °C.   
 
Not only is the hydroxyl-stretching region sensitive to the modification of 
the kaolinite surface through bonding with hydrazine, but the hydroxyl-deformation 
region centre around 914 cm-1 is also sensitive to this bonding.  Figure 14 displays 
the DRIFT spectra for the suite of hydrazine-intercalated kaolinites treated under a 
range of conditions.    Untreated kaolinite displays two infrared bands at 930 and 
914 cm-1, which are attributed to the hydroxyl deformation modes of the inner 
surface hydroxyls and the inner hydroxyls.  Upon intercalation with hydrazine, two 
bands are observed at 895 and 914 cm-1.  These bands are assigned to the inner 
surface hydroxyls hydrogen bonded to the hydrazine and to the inner hydroxyls.  No 
intensity was observed in the 930 cm-1 position.   This loss of intensity is in harmony 
with the loss of intensity of the inner surface hydroxyl stretching modes. 
 It is interesting to compare the relative intensities of the two bands at 914 
and 895 cm-1.  If the relative intensity of the band at 914 cm-1 is normalised to unity 
then the relative intensity ratio of the 895 to 914 cm-1 bands becomes 1.44, 0.285, 
0.173 and 0.35 for the four hydrazine intercalation systems studied in this research.  
For the 85°C CRTA treated hydrazine intercalated kaolinite, some intensity in the 
930 cm-1 band is observed.  Fundamentally the relative intensity of the 895 cm-1 
band decreases with increasing CRTA treatment temperature.  The ratio is 1.44 for 
the dry nitrogen treated hydrazine-intercalated kaolinite.  This value decreases to 
0.285 for the 51°C CRTA treated hydrazine intercalated kaolinite and to 0.173 for 
the 70°C CRTA treated sample.  These results imply that the maximum degree of 
bonding between the hydrazine and the inner surface hydroxyls occurs for the dry-
nitrogen treated sample.  The results are in harmony with the conclusions reached 
from the NH stretching vibrations at 3356 and 3362 cm-1.  It was concluded that by 
CRTA treatment of the hydrazine intercalated kaolinites at 50 and 70°C that 
increased bonding of the hydrazine to the siloxane surface was observed.  A low 
intensity band is observed at around 954 cm-1.  This band is attributed to a out-of-
plane HNH wag.   
Figure 13 also shows the SiO stretching region and also the N-N stretching 
region.  The N-N stretching symmetric stretching band is found at 1126 cm-1 in the 
infrared spectrum of solid hydrazine, 1098 cm-1 for liquid hydrazine and at 1112 cm-
1 in the Raman spectrum of liquid hydrazine.  This band is observed at 1126 cm-1 for 
the hydrazine intercalated kaolinites and is asymmetric on the high wavenumber 
side.  Two bands may be resolved at 1124 and 1034 cm-1 with bandwidths of 8.9 and 
16.4 cm-1 respectively. The observation of two N-N vibrations implies that two 
different types of hydrazine molecules are present in the intercalation complex.  A 
number of models are envisaged: (a) hydrazine molecule bonded to the siloxane 
surface and a second molecule bonded to the hydroxyl surface with one end of the 
hydrazine molecules free from bonding to a surface (b) hydrazine molecule bonded 
to both surfaces through the two NH2 units and a second hydrazine bonded to the 
intercalating hydrazine molecule (c) hydrazine interacting with the kaolinite surface 
through a water molecule and a hydrazine molecule interacting without water.  For 
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the dry nitrogen treated hydrazine intercalated kaolinite, the relative intensity of the 
two bands at 1124 and 1134 cm-1 is 4:1.  When the hydrazine-intercalated kaolinite 
is CRTA treated at 85°C, the ratio is 7:1.   Thus in harmony with other results, the 
treatment with dry nitrogen is similar to that of the CRTA treatment at 85°C.  The 
ratio for the 51°C and 70°C CRTA treated hydrazine-intercalated kaolinites are 3:2.  
These two intercalation systems have predominantly different phases namely the 
10.3Å phase for the 51°C CRTA system and 9.5Å for the 70°C system.  It is 
concluded that the N-N symmetric stretching vibration does not appear to be 
influenced by the interlamellar spacing.   
Controlled rate thermal analysis allows the separation of adsorbed and 
intercalated hydrazine. CRTA displays the presence of three different types of 
hydrogen-bonded hydrazine in the intercalation complex (a) adsorbed loosely 
bonded in the kaolinite structure fully expanded by hydrazine-hydrate. The first type 
of adsorbed hydrazine (some 0.20 mol hydrazine-hydrate/mol inner surface OH) is 
liberated between approx. 50 and 70°C. (b) The second type hydrazine is lost 
between approx. 70 and 85°C, corresponding to a quantity of 0.12-0.15 mol 
hydrazine-hydrate/mol inner surface OH. (c) The third type of hydrazine molecule is 
lost in the 85-130°C range. The quantity of this reagent is fairly constant (0.29-0.32 
mol hydrazine/mol inner surface OH), independently of the conditions of sample 
preparation (drying).  CRTA at 70 °C enables the removal of some hydrazine-water 
and results in the partial collapse of the hydrazine-intercalated kaolinite structure.  
The occurrence of the 9.6Å band in the partially decomposed complex is due to the 
presence of hydrazine hydrogen-bonded directly to the inner surface OH groups. 
The presence of the 10.3Å reflection is explained by the connection of hydrazine 
molecules to the OH groups through water (i.e. in the form of hydrazine-hydrate).  
 The effects of various CRTA treatments on the hydrazine-intercalation 
complex can be followed by the changes in the spectra of the hydroxyl stretching 
region of kaolinite or through the changes in the vibrational modes of the inserting 
hydrazine and water molecules.  The change in the quantity of loosely bonded 
(surface bonded) hydrazine-hydrate cannot be seen in the FT-IR spectra of the OH 
stretching range. In contrast, the liberation of the strongly bonded (hydrogen-
bonded) reagent can be followed by changes in intensity of the OH stretching bands.  
In particular the intense band observed at 3628 cm-1 is attributed to the hydrogen 
bonding of the inner surface hydroxyls to the hydrazine.  CRTA treatment at 85°C 
or through the application of dry nitrogen results in the removal of water from the 
intercalation system, resulting in a water free hydrazine-intercalation complex. 
Concomitantly increases in the inner surface hydroxyls at 3695 cm-1 are observed. 
 
7. Intercalation of mechanochemically activated kaolinite intercalated 
with potassium acetate 
 
 In this work we have mechanochemically treated the kaolinite for 
1, 2, 6, 10 hours then intercalated the kaolinite with potassium acetate and then dried 
the modified kaolinite in a desiccator and then exposed the samples to moist air for 
0, 1 and 24 hours.  The DRIFT spectra of these three experiments are shown in 
Figures 15 and 16. The DRIFT spectrum of the hydroxyl stretching region of 
kaolinite shows five important features: Bands are observed at (a) (ν1) 3695 cm
-1 
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which is assigned to the hydroxyl stretching of the inner surface hydroxyl (b) (ν4) 
3684 cm-1, attributed to the transverse optic vibration and is only observed in 
kaolinite crystals with a high aspect ratio (c) bands (ν2) at 3684 cm
-1 attributed to the 
out-of-phase vibration of the inner surface hydroxyls (d) bands (ν3) at 3653 cm
-1 
attributed to the second out-of-phase vibration of the inner surface hydroxyls and (e) 
bands (ν5) at 3619 cm
-1 assigned to the inner hydroxyls.  The ν4 band is not normally 
observed in infrared spectra but contributes significant intensity in Raman spectra. 
Upon modification of the kaolinite through mechanochemical treatment such as dry 
grinding changes to the DRIFT spectra occur.   Also if the kaolinite is intercalated 
with potassium acetate, additional bands (ν6) are observed at around 3602 cm
-1 
which are assigned to the hydroxyl stretching of the inner surface hydroxyls of 
kaolinite which have been hydrogen bonded to the acetate. The figures clearly show 
a number of important results: (a) the intensity of the hydroxyl stretching bands 
decreases in intensity with the length of the grinding time, (b) the phase behaviour 
of the hydroxyl vibrations disappears with grinding (c) the intensity of the vibrations 
of the hydroxyl stretching of water increases with time of grinding (d) an additional 
band is observed at around 3602 cm-1 and is assigned to the kaolinite hydroxyl 
hydrogen bonded to the acetate.  Bands are also observed in the 3625 to 3630 cm-1 
region.  Such bands may arise from the distortion of the kaolinite lattice. Bands are 
observed in this position in the spectrum of halloysite. The type of lattice, which is 
found in halloysite, is the more stable structure, since the aluminium octahedron is 
slightly less in size than the silica tetrahedra.  It is proposed that the 
mechanochemical treatment has caused the curvature of the kaolinite layers similar 
to that which is observed for halloysite. 
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Figure 15 DRIFT spectra of the mechanochemically activated kaolinite for 1, 2, 
3, 10 hrs and intercalated with potassium acetate and not exposed 
to air.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16 DRIFT spectra of the mechanochemically activated kaolinite for 1, 2, 
3, 10 hrs and intercalated with potassium acetate and exposed to air for 1 hour.   
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Figure 17 Variation in the relative intensity of the 3695 cm-1 band of the 
mechanochemically activated kaolinite, the kaolinite 
mechanochemically activated with quartz and the 
mechanochemically activated kaolinite intercalated with potassium 
acetate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18 Variation in the relative intensity of the 3619 cm-1 band of the 
mechanochemically activated kaolinite, the kaolinite 
mechanochemically activated with quartz and the 
mechanochemically activated kaolinite intercalated with potassium 
acetate. 
 
The decrease in the intensity of the ν1 and ν5 bands is illustrated in Figures 
15 and 16. There is an apparent exponential decrease in the intensity of the hydroxyl 
stretching bands with grinding time.  The variation in relative intensity of the 3695, 
3553 and 3619 cm-1 bands is shown in Figures 17 and 18.  For the inner surface 
hydroxyl the percentage relative intensity increases from 1 to 2 hours of grinding 
and then shows a decrease up to ten hours.  The effect of exposure to air for 1 and 24 
hours appears to increase the relative intensity of the band.  Exposure to air caused 
an increase in intensity of the band assigned to the stretching vibration of the inner 
surface hydroxyl.  This increase may be attributed to two factors (a) moisture has 
caused the de-intercalation of the kaolinite resulting in the increase in intensity or 
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(b) moisture enabled some of the hydroxyls removed through the mechanochemical 
treatment to be restored.  It is apparent that after 10 hours of grinding and 
intercalation with potassium acetate, the relative % area of the three sets of data all 
end finish at the same point.  The effect of exposure of the modified kaolinites to 
moist air for 24 hours is more dramatic. The initial intensity drops from 5.2 to 
almost zero with the additional one hour of grinding. The uptake of moisture has 
caused the in-phase out-of-phase behaviour of the inner surface hydroxyls to be 
removed.  Water molecules must apparently react with the kaolinite surface and 
cause loss of short range order. 
The variation in the relative intensity of the band of the inner hydroxyl at 
3619 cm-1 is shown in Figure 18.  For the modified kaolinite not exposed to air the 
relative intensity shows an increase from 1 to 2 hours of grinding and then deceases 
to a minimum value at 10 hours.  Upon exposure to air for 1 hour, the intensity is in 
a similar position as for the zero exposure, and then decreases exponentially with 
grinding time.  Exposure to air for 24 hours results in a decrease in intensity with 
grinding time, which is below that of the other two curves.  Just as for the intensity 
of the inner surface hydroxyl, the intensity of the inner hydroxyl stretching vibration 
ends up at the same point after 10 hours of grinding.  The implication is that the 
kaolinite surface structure has been so changed that the exposure to moist air has no 
effect on the molecular structure. An additional band at 3605 cm-1 is observed and is 
assigned to the hydroxyl stretching vibration of the inner surface hydroxyl hydrogen 
bonded to the acetate ion.  This bonding in moist conditions takes place through a 
water molecule.  This results in an expansion of the kaolinite layers to 13.9Å. In the 
absence of water the expansion occurs to a lesser value.  In this case the position of 
the hydroxyl-stretching vibration of the inner surface hydroxyl is found at higher 
wavenumbers around 3611 cm-1.  This is due to a weaker hydrogen bond formed 
between the kaolinite inner surface hydroxyl and the acetate ion. When intercalation 
approaches completeness no intensity remains in the inner surface hydroxyl 
stretching vibrations at 3695, 3668 and 3653 cm-1. A number of conclusions can be 
made: (a) the amount of intercalation as measured by the % relative intensity of the 
3602 cm-1 band is low (b) the amount of intercalation is highest for the intercalated 
kaolinite that has not been exposed to air (c) the amount of intercalation decreases 
significantly with length of grinding time (d) the amount of intercalation decreases 
remarkably with exposure to moist air.   
 
8. Deintercalation of hydrazine intercalated kaolinite 
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Figure 19 X-ray diffraction patterns for the deintercalation of hydrazine-
intercalated kaolinite 
 
One excellent method of studying the changes in surfaces properties of 
kaolinite is through deintercalation.  Figure 19 shows the XRD patterns of kaolinite 
intercalated with hydrazine hydrate after exposure to air.  The kaolinite has been 
fully intercalated  at ambient temperatures, and 100% intercalation is required to 
make spectroscopic interpretations less complicated. Hydrazine adsorbed on the 1:1 
layer surfaces show characteristic ‘intercalation’ type spectra, although the XRD 
data may not show a fully expanded phase. The d(001)-value for fully intercalated 
kaolinite is 10.39 Å, which is consistent with 10.4 Å observed by others [36, 38, 42].  
Upon exposure to air, the kaolinite deintercalates as the hydrazine is lost 
spontaineously. The kaolinite loses stacking order from 50 to 120 h, as indicated by 
the loss of intensity of the d(00l) reflections.  After the 120-h period (Figure 2), the 
10.39-Å was no longer observed. The intensity of the 7.16-Å peak increased only 
after 200 h. The decrease in intensity of the 10.39-Å peak without the consequent 
formation of the 7.16-Å peak  indicates that the stacking order is restored only after 
deintercalation. The intensity loss of the 10.39 Å peak is exponential with time 
suggesting that the deintercalation reaction follows first-order kinetics. These results 
are consistent with the reverse reaction reported by Johnston and Stone (1990) [38].  
In our study, the 7.16-Å peak after deintercalation is different from the untreated 
kaolinite.  The peak is broad and asymmetric on the low-angle side with portions 
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extending to 7.39 Å.  This suggests that some layers remain slightly expanded. This 
slight expansion may result from the incorporation of H2O between the layers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20 DRIFT spectra of the hydroxyl stretching region of the 
deintercalation of hydrazine-intercalated kaolinite as a function of 
time. 
 
The DRIFT spectra of the deintercalation of the hydrazine-intercalated  
kaolinite are shown in Figure 20.  The OH-stretching region shows the complete 
absence of the ν1, ν2 and ν3  bands owing to the breaking of the H-bonding of the 
inner surface hydroxyls consistent with expansion as indicated by XRD. If kaolinite 
is not fully intercalated then significant intensity remains in the bands caused by the 
inner-surface hydroxyl groups.  An additional band is observed upon intercalation 
with hydrazine at 3626 cm-1 and this band is assigned to the inner-surface hydroxyls 
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H-bonded to the hydrazine-water complex. The band attributed to the inner  
hydroxyls at 3620 cm –1 is superposed by the 3626 cm-1 band  and appears as a 
shoulder. Note that the 3626 cm-1 band occurs at 1 bar and 25°C.  Upon exposure to 
air, the  occurrence of the ν1, ν2, and ν3 bands show a  spectral shift  towards their 
original, lower frequencies upon decomposition. The frequency shift in the partially 
decomposed complex  is due to the formation of an intermediate structure where the 
inner-surface hydroxyls can temporarily move freely, i.e. without forming H-
bonding to the siloxane layer. This agrees with the XRD data where a loss of 
stacking order is observed. The intensity decrease of the 3626 cm-1 band  as a 
function of time indicates the gradual decomposition of the complex.   
With the intensity decrease of the 3626-cm-1 band, however, another band 
occurs at 3599 cm-1, which is attributed to intercalated H2O. Thermal analysis (not 
shown) implicates that H2O is present in the intercalate. The simultaineous loss of 
water and hydrazine occurs at 140°C.   DRIFT spectroscopy of the kaolinite heated 
to 200°C for 1 h showed that the band at 3599 cm-1 no longer occurs. Upon heating 
the deintercalated kaolinite, the DRIFT spectrum resembles that of untreated 
kaolinite. Flat, broad bands centered around 3550 cm-1 owing to loosely bonded 
water in the decomposing intercalate are observed. Thus, hydrazine is replaced by 
H2O upon deintercalation. For kaolinite intercalated with potassium acetate, the H-
bonded surface OH groups produce a peak at 3605 cm-1 [43]. Because this H-bonded 
inner-surface OH band appears at 3626 cm-1 for hydrazine-intercalated kaolinite, 
rather than at 3605 cm-1 as is observed, for example, in acetate intercalated 
kaolinites, this indicates a weaker hydrogen bonding interaction. Therefore, we 
propose that the intercalating hydrazine (in fact, hydrazine hydrate) is hydrogen 
bonded to the inner-surface hydroxyls via H2O molecules. At zero time, peaks are 
observed at 3626 and 3620 cm-1 with 70.0 and 28.3% of the total band intensity.  
Such intensities are near the theoretical, i.e., 25.0% for the inner hydroxyl and 
75.0% for the inner-surface hydroxyls.  At 3 h, the intercalate decomposes and the 
kaolinite interlayer hydrogen bonding is reforming, as indicated by the appearance 
of a band at 3695 cm-1, the loss in intensity of the 3626-cm-1 band, and the 
appearance of another band at 3599 cm-1. Bands are observed at 3699 and 3653 cm-1 
with 3.5 and 18.5% intensity.  The 3626-cm-1 band intensity decreased to 33.0% and 
the 3620-cm-1 band remains nearly constant at 27.7%.   After 4.5 h, the 3626-cm-1 
band decreased in intensity to 13.5% with significant intensity in bands at 3696, 
3685, 3673, and 3654 cm-1.  Most changes in the DRIFT spectra have taken place by 
this time.  After 22 h and 30 days, the observed changes are smaller. As the 3626-
cm-1 band decreases in intensity, the 3599-cm-1 band and  the bands relating to the 
inner-surface hydroxyls increase.  Thus, the 3599-cm-1 band is due to H2O bonding 
to the 1:1 layer surface. Deintercalation of kaolinite as a mechanism for hydrating 
the 1:1 layer surfaces is possible [44, 45]. The incorporation of H2O between the 1:1 
layers as intercalated H2O is consistent with the infrared band observed at 3599 cm
-1 
and the XRD results of a broad, low intensity 001 peak.   
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Figure 21 Raman spectra of the hydroxyl stretching region of the 
deintercalation of hydrazine-intercalated kaolinite as a function of 
time. 
The Raman spectrum of the hydrazine-intercalated kaolinite consists of one 
band at 3620 cm-1 with a bandwidth of 5.7 cm-1attributed to the inner-hydroxyl 
group (Figure 21).  No band corresponding to the DRIFT band at 3626 cm-1 is 
observed in the Raman spectrum indicating a Raman inactive and infrared active 
band.  Such a band occurs when there is a large change in dipole moment and no 
change in the polarizability of the OH bond.  Such bands often occur when H2O is 
involved. These observations help determine the assignment of the 3626 cm-1 band, 
because the band is attributed to the hydrogen bonding of the hydrazine-water unit 
and the inner surface hydroxyls.  
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Figure 22 DRIFT spectra of the NH stretching region of the deintercalation of 
hydrazine-intercalated kaolinite as a function of time. 
 
The DRIFT spectra of the NH region of the hydrazine and water OH-
stretching regions are shown in Figure 22.  The band observed at 3301 cm-1 is 
attributed to symmetric stretching, and the bands at 3356 and 3362 cm-1 to the 
antisymmetric stretching of the NH vibrations. (Durig et al., 1966). The symmetric 
stretching band is weak in intensity with 8% relative intensity and a bandwidth of 
8.0 cm-1. The bandwidths of the 3362 and the 3356-cm-1 bands are 8.4 and 9.1 cm-1, 
respectively.  The bandwidth of the 3301 cm-1 band is 8.0 cm-1.   
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Figure 23 Raman spectra of the NH stretching region of the deintercalation of 
hydrazine-intercalated kaolinite as a function of time. 
 
Bands are observed in the Raman spectra of the amine-stretching region at 
3346 cm-1 for pure hydrazine and at 3363 and 3338 cm-1 in the hydrazine 
intercalated kaolinite (Figure 23).  The 3362 cm-1 band is both infrared and Raman 
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active. However, the 3356 cm-1 band is infrared active only.  Thus this band is 
attributed to the antisymmetric stretching frequency of the amine NH vibration of 
the [–NH3]
+ unit. Two bands observed at slightly different frequencies in the 
antisymmetric stretching region suggests that there are two types of interaction 
between the hydrazine and the 1:1 layer surfaces. One interaction may occur 
between both the lone pairs of electrons of the hydrazine nitrogen coordinated to 
water. This complex ion then interacts with the inner-surface hydroxyls.  
 
The band component analysis reveals four broad bands at 3346, 3285, 
3260, and 3199 cm-1 with 16.1, 46.5, 9.5, and 27.9% relative intensity. Upon 
intercalation of the kaolinite with hydrazine, bands are observed 3363, 3342, 3312, 
3304, 3283, 3263, and 3206 cm-1. At time zero and at 30 min, NH stretching bands 
are observed at ~3363, 3342, and 3304 cm-1.  At 60 min, an additional band at 3312 
cm-1 is only observed after deintercalation. The three bands at 3340, 3286, and 3209 
cm-1 are assigned to the normal vibrations of adsorbed hydrazine. The band at 3363 
cm-1 is assigned to the antisymmetric stretching vibration.  Note that only one band 
is observed in the Raman spectrum whereas two bands were observed in the DRIFT 
spectra. Thus,  the 3356-cm-1 band in the DRIFT spectrum is infrared active, but 
Raman inactive. Such a band results from large changes in dipole moment with no 
or minor changes in polarizability. The band at 3363 cm-1 is common to both the 
DRIFT and Raman spectra. Bands at 3312 and 3302 cm-1are observed in the Raman 
spectrum of the symmetric stretching region of the amine, whereas in the DRIFT 
spectra only one band isobserved. The 3302-cm-1 band is common to both the 
DRIFT and Raman spectra, whereas the 3312-cm-1 band is only Raman active. The 
hydrazine bands of the intercalated kaolinite are at higher frequencies than for the 
hydrazine liquid.  A broad band centered on 3200 cm-1 is attributed to H2O 
associated with the hydrazine, although H2O is difficult to determine in the Raman 
spectra.  The spectra clearly show a decrease in intensity of both H2O and hydrazine 
bands as progresses.   
Hydrazine functions as a weak monoacid base forming a monohydrate. We 
therefore propose a model based on the formation of [NH2-NH3]
+[OH]- units. The 
interaction of the hydrazine complex occurs between the negative charge on the OH 
group and the inner-surface hydroxyls.  This suggests that the band occurs at 3626 
cm-1 because the interaction of the [NH2-NH3]
+[OH]- unit and the inner-surface 
hydroxyls of the kaolinite is weak.  A second interaction can occur between the 
hydrogen atoms of the hydrazine and the siloxane layer. Whereas the hydrated part 
of the hydrazine molecule bonds to the inner-surface hydroxyls, the opposing end of 
the molecule bounds to the siloxane surface between the amine hydrogen atomss and 
the oxygen atoms of the siloxane surface. Water is essential to the intercalation of 
the kaolinite and is intimately involved in the intercalation process.  Based on this 
model, there are two types of NH groups and hence, two sets of bands are observed 
in the DRIFT spectra.   An additional band is observed at 3206 cm-1, relating to 
strongly bonded or coordinated H2O.  Thus the 3206 cm
-1 band is attributed to the 
OH bonds of the H2O, which are hydrogen bonded to the hydrazine in the 
intercalated complex.  
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Spectroscopic evidence supports the concept of the hydrazine having two 
different NH2 groups in the intercalated kaolinite.  In the infrared spectra, two 
antisymmetric vibrations are observed at 3362 and 3356 cm-1 with only one infrared 
symmetric vibration at 3302 cm-1.  In the Raman spectra only one antisymmetric 
vibration is observed at 3363 cm-1. However two symmetric vibrations are observed 
at 3312 and 3302 cm-1. The 3302 cm-1 band is common in both the DRIFT and 
Raman spectra, while the 3312 cm-1 band is only Raman active. The 3312 cm-1 band 
therefore represents a highly symmetric vibration. It is proposed that the 3312 cm-1 
band arises from amine NH stretching of the hydrazine [-NH2] hydrogen bonded to 
the siloxane layer.  The hydrazine molecule is rigid in structure and the hydrogens 
are not freely rotating.  Therefore if the NH2 forms a symmetric linkage with the 
siloxane layer, then the other half of the molecule is asymmetric to the gibbsite-like 
layer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24 DRIFT spectra of the hydroxyl deformation region during 
the deintercalation of hydrazine intercalated kaolinite 
 
The  hydroxyl deformation region shows broad bands around  940 and 970 
cm-1, which are attributed to the inner surface hydroxyl deformation modes, in 
addition to the inner-hydroxyl deformation band at 913 cm-1 (Figure 24). In the 
DRIFT spectrum of the hydroxyl deformation region of the hydrazine-intercalated 
kaolinite at zero time, the 913-cm-1 band attributed to the inner-hydroxyl group 
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contains 59.6% of the total band intensity.  The remaining intensity in  the 895 cm-1 
band is attributed to the hydroxyl deformations of weakly hydrogen bonded inner-
surface hydroxyls.  Additional minor intensity occurs in the 925 and 953-cm-1 bands. 
Hydroxyl deformation vibrations show little change at 0.5 h, but at 3 h, however, a 
significant decrease in intensity of the 895-cm-1 band occurs (27.2%).  A weak band 
also occurs at 904 cm-1.  At 4.5 h,  the intensity of the 895-cm-1 band is 11.6% and 
the 905-cm-1 band is 6.7%.  Significant intensity is found in other hydroxyl 
deformation modes at 923 and 937 cm-1 with 12.9 and 22.6% intensity.  In the 
spectra at 22, 50, 168 h and 30 days, the intensity of the 923-cm-1 band remains 
constant within experimental error, whereas the band at ~937 cm-1 increases in 
intensity. The spectrum of the de-intercalated kaolinite after 30 days resembles 
closely that of the untreated kaolinite.   
The hydroxyl-stretching region of the fully intercalated kaolinite at zero 
time showed bands at 3620 and 3626 cm-1.  The hydroxyl deformation region also 
shows bands at 913 and 895 cm-1. Upon deintercalation of the hydrazine-intercalated 
kaolinite to 3 h, the intensity of the bands at 913 and 895 cm-1 remains essentially 
constant.  At 4.5 h, the inner-surface hydroxyl bands at 3653 and 3696 cm-1 show 
significant intensity.  At this stage, the deformation bands at 923 and 937 cm-1 show 
increased intensity.  At 50 h, hardly any to no intensity remains in either the 895 cm-
1 and the 3626 cm-1 band. Thus, the 895-cm-1 band is the hydroxyl deformation band 
corresponding to the 3626-cm-1 hydroxyl-stretching band. After 50 h the band at 905 
cm-1 has 13.9% intensity.   Note that there is no intensity in the 962-cm-1 band after 
50 h. As further deintercalation occurs, the results after 120 h are similar to the 50-h 
spectrum, but at 168 h significant intensity occurs in the 966-cm-1 band.  This result 
corresponds to the XRD patterns where there is no 13.9-Å peak remaining, and the 
7.2-Å peak occurs.  The 966-cm-1 peak is related to the hydroxyl deformation of the 
inner-surface hydroxyls, which are strongly hydrogen bonded to the hydrazine-water 
complex.  This hydroxyl deformation band also corresponds with the increased 
intensity of the 3599-cm-1 band.  Thus the formation of the hydrated kaolinite 
through deintercalation seems to indicate that the 966-cm-1 band is associated with 
the interaction of the intercalated water and the Al-OH surface.  The observations 
made in the analysis of the hydroxyl-stretching region are consistent with the results 
of the hydroxyl deformation region.  With deintercalation, bands associated with 
weakly hydrogen-bonded inner-surface hydroxyl groups decrease in intensity and 
bands relating to the inner-surface hydroxyl groups hydrogen bonded to the adjacent 
siloxane layer increase in intensity.  The spectrum of the hydroxyl deformation 
region after 7 days and 30 days closely resembles that of the untreated kaolinite.  
The only difference is the band observed at 966 cm-1.  The band at 895 cm-1 is due to 
the NH wag and the disappearance of this band at higher temperatures or longer 
periods shows the loss of hydrazine from the intercalate. 
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